Multiple cellular pathways are regulated by small ubiquitin-like modifier (SUMO) modification, including ubiquitin-mediated proteolysis, signal transduction, innate immunity, and antiviral defense. In the study described in this report, we investigated the effects of SUMO on the replication of two members of the Rhabdoviridae family, vesicular stomatitis virus (VSV) and rabies virus (RABV). We show that stable expression of SUMO in human cells confers resistance to VSV infection in an interferon-independent manner. We demonstrate that SUMO expression did not alter VSV entry but blocked primary mRNA synthesis, leading to a reduction of viral protein synthesis and viral production, thus protecting cells from VSV-induced cell lysis. MxA is known to inhibit VSV primary transcription. Interestingly, we found that the MxA protein was highly stabilized in SUMO-expressing cells. Furthermore, extracts from cells stably expressing SUMO exhibited an increase in MxA oligomers, suggesting that SUMO plays a role in protecting MxA from degradation, thus providing a stable intracellular pool of MxA available to combat invading viruses. Importantly, MxA depletion in SUMO-expressing cells abrogated the anti-VSV effect of SUMO. Furthermore, SUMO expression resulted in interferon-regulatory factor 3 (IRF3) SUMOylation, subsequently decreasing RABV-induced IRF3 phosphorylation and interferon synthesis. As expected, this rendered SUMO-expressing cells more sensitive to RABV infection, even though MxA was stabilized in SUMO-expressing cells, since its expression did not confer resistance to RABV. Our findings demonstrate opposing effects of SUMO expression on two viruses of the same family, intrinsically inhibiting VSV infection through MxA stabilization while enhancing RABV infection by decreasing IFN induction.
I
n addition to ubiquitin, several ubiquitin-like (UBL) proteins have been reported to function as protein modifiers that regulate various cellular functions (1) . The best-characterized member of the UBL protein family is the small ubiquitin-like modifier (SUMO) family (2) . SUMOylation is a posttranslational modification where a reversible covalent bond is formed between the SUMO molecule and the target protein. In humans, the SUMO protein family consists of SUMO1 and two highly homologous proteins, SUMO2 and SUMO3 (collectively known as SUMO2/3), which share only 18% homology with ubiquitin. SUMO2 and SUMO3, which share 97% sequence identity, cannot be distinguished by currently available antibodies and are expressed at significantly higher levels than SUMO1, with which they share approximately 50% sequence identity (3) . SUMO2 and SUMO3 contain a lysine residue at position 11 (K11) that can be used for self-conjugation or conjugation with SUMO1 and that is usually the site of polySUMOylation chains. In contrast, SUMO1 does not contain K11 and therefore does not form chains. However, SUMO1 can be attached to lysine residues within SUMO2/3 chains, leading to chain termination.
SUMO modification occurs through the formation of an isopeptide bond between the amino group of a lysine residue on the substrate and the carboxyl terminus group of SUMO. SUMOyla-tion involves a three-enzyme cascade: a single SUMO activation enzyme (E1) that exists as a dimer (SAE1/SAE2), an E2-conjugating enzyme (Ubc9), and multiple substrate-specific E3 SUMO ligases (PIAS1, PIAS3, PIASx␣, PIASx␤, PIASy, RanBP2, and Pc2) (4, 5) . SUMOylation is a highly dynamic process whereby SUMOylation patterns are frequently altered in response to different cell stimuli. Other key players in this process are the SUMOspecific proteases (SENPs), which are responsible for cleaving the isopeptide bond on specific SUMO substrates.
SUMOylation has been involved in several cellular processes, such as transcriptional regulation, promyelocytic leukemia (PML) nuclear body formation, protein stability, subcellular localization, signal transduction, and innate immunity (4) (5) (6) (7) (8) (9) .We recently reported that the expression of different SUMO paralogs reduces STAT1 phosphorylation in response to alpha interferon (IFN-␣) and IFN-␥, resulting in a decrease in the IFN-␥-induced transcriptional response without affecting the IFN-␣-induced transcriptional response (10) . Another study showed that the SUMOylation of IFN-regulatory factor 3 (IRF3) or IRF7 negatively regulates type I IFN production upon viral infection (11, 12) . Nonetheless, besides its physiological relevance, the role of SUMO in intrinsic antiviral activity still remains to be determined.
In the study described in this report, we investigated the effects of SUMOylation on the replication of two members of the Rhabdoviridae family (Mononegavirales order), vesicular stomatitis virus (VSV) and rabies virus (RABV). Both viruses contain a singlestranded negative-sense RNA genome (ϳ12 kb) which encodes five proteins, nucleoprotein (N), phosphoprotein (P), matrix protein (M), glycoprotein (G), and the polymerase (L), in the order 3=-N-P-M-G-L-5= (13) . During transcription, a positive-stranded leader RNA and five capped and polyadenylated mRNAs are synthesized. The replication process yields nucleocapsids containing full-length antigenome sense RNA, and these, in turn, serve as the templates for the synthesis of genome sense RNA. The genomes then associate with viral proteins to form new viruses budding from the cell membranes.
We report here that the stable expression of SUMO in human cell lines inhibited RABV-and VSV-induced IFN production. As expected, cells were more sensitive to RABV, but, remarkably, cells were resistant to VSV in an IFN-and STAT1-independent manner. Furthermore, we demonstrate that SUMO expression did not alter VSV entry but inhibited primary mRNA synthesis, resulting in the reduction of viral protein synthesis and subsequent viral production and thus protecting cells from VSV-induced cell lysis. Human MxA is a member of the large dynamin-like GTPases, a long-established IFN-stimulated gene (ISG) restriction factor of a broad range of RNA and DNA viruses (14) which targets VSV at the level of the level of primary transcription (15, 16) . Therefore, we investigated MxA and demonstrate that MxA is highly stabilized through its oligomerization in SUMO-expressing cells and that its depletion blocks SUMO-induced VSV resistance.
MATERIALS AND METHODS

Materials.
Human recombinant IFN-␣2 was sourced from Schering (USA), and rabbit anti-STAT1 (sc-346), rabbit anti-SUMO1 (Sc-9060), rabbit anti-IRF3 (Sc-9082), and rabbit polyclonal anti-actin clone C-11 (Sc-1615) antibodies were from Santa Cruz Biotechnology. Rabbit anti-SUMO2/3 antibodies were from Invitrogen, rabbit anti-phospho-IRF3 (Ser396) antibodies were from Cell Signaling, anti-Ubc9 monoclonal antibody (MAb) was from Abgent, and monoclonal anti-6ϫHis antibody was from Clontech. Rabbit anti-MxA antibodies were from Proteintech or were a gift from S. R. Valentini (UNESP, Araraquara, Brazil) (17) , and mouse anti-MxA monoclonal antibody M143 was provided by G. Kochs (Institute of Virology, Freiburg, Germany). The 64G12 monoclonal antibody against the human IFN-␣/␤ receptor (anti-IFNAR1 antibody) was a gift from P. Eid (INSERM UMR1014). Monoclonal anti-RABV P antibody and rabbit anti-VSV polyclonal antibodies were produced as described previously (18, 19) . Small interfering RNA (siRNA) targeting Ubc9-1 was purchased from Dharmacon. Ubc9-2 and STAT1 expression was silenced using ON-TARGETplus siRNA SMARTpool riRNA reagents purchased from GE Healthcare; the different siRNAs were transfected into cells using the HiPerFect transfection reagent (Qiagen).
Cell cultures. Human glioblastoma astrocytoma U373MG cells, cervical cancer HeLa cells, and BSR cells (cloned from BHK-21 [baby hamster kidney] cells) were purchased from ATCC (http://www.lgcstandards -atcc.org) and grown at 37°C in Dulbecco modified Eagle medium supplemented with 10% fetal calf serum. HeLa cells stably expressing His-tagged SUMO1 (His-SUMO1) or His-SUMO3, U373MG cells stably expressing His-SUMO2 or His-SUMO3 (10), and NIH 3T3 cells harboring the empty vector or the plasmid carrying the gene for MxA (kindly provided by J. Pavlovic [15] ) were kept in medium supplemented with 0.5 mg/ml of neomycin.
Viral stocks. VSV (Mudd-Summer strain, Indiana serotype) and RABV (CVS strain) were grown in BSR cells, and the virus titers were determined by standard plaque assays on BSR cells. Murine leukemia virus (MLV)-derived vectors carrying green fluorescent protein (GFP) pseudotyped with the VSV glycoprotein (VSV-G), provided by F. L. Cosset, ENS Lyon, had a titer of 10 7 IU/ml and were generated as previously described (20) .
Knockdown of MxA. We purchased short hairpin RNA (shRNA) DNA clones containing a hygromycin selection marker that target MxA (shMxA; CTCACCAGAGAATAACAGA) and its nontargeting control from GeneCopoeia (Rockville, MD). The shRNA DNA clones were transfected into HEK293 cells together with a plasmid carrying DNA encoding HIV-1 Gag-Pol and pVSV-G (carrying the glycoprotein of VSV). The virus particles subsequently made were used to transduce wild-type (wt) HeLa cells (HeLa-wt cells), HeLa cells stably expressing His-SUMO1 (HeLa-SUMO1 cells), and HeLa cells stably expressing His-SUMO3 (HeLa-SUMO3) cells to knock down MxA. Stably transduced cells were selected for 4 weeks using hygromycin (final concentration, 0.5 mg/ml).
MxA oligomerization. In order to assess the endogenous oligomerization state of MxA, whole extracts were collected from HeLa-wt, HeLa-SUMO1, and HeLa-SUMO3 cells and lysed, using a needle, in 0.5% Triton X-100 in phosphate-buffered saline (PBS) containing protease inhibitor tablets and 10 mM iodoacetamide. The extracts were centrifuged for 10 min at 1,500 ϫ g, 100 g/ml of disuccinimidyl suberate (DSS; a covalent cross-linking agent) was added, and the samples were incubated at room temperature for 1 h. The reaction was quenched using 50 mM Tris-HCl for 15 min at room temperature. The samples were then immunoprecipitated with MxA antibodies and protein IgG beads. The eluates were subsequently run on a 4 to 12% gradient gel and revealed using anti-MxA, anti-SUMO1, anti-SUMO2/3, or anti-Ubc9 antibodies. Extracts from wt NIH 3T3 cells (NIH 3T3-wt cells) and NIH 3T3 stably expressing MxA (NIH 3T3-MxA cells) were used as controls.
Northern blot analysis. Cells were infected with VSV at a multiplicity of infection (MOI) of 3 in the absence or the presence of cycloheximide (100 g/ml). After 1 h of adsorption, the cells were washed and fresh medium with or without cycloheximide (100 g/ml) was added. After 4 h of infection, total RNA was isolated from the cells with an RNA Now kit (Ozyme). Total RNA was separated on a 1.5% agarose gel under denaturing conditions and blotted onto nylon membranes (Roche Molecular Biochemicals). Hybridizations were performed with digoxigenin (DIG)-labeled oligonucleotides recognizing the VSV N-gene sequence and by incubation with anti-DIG antibody conjugated to alkaline phosphatase followed by incubation with CDP Star chemiluminescent substrate (Roche).
Real-time PCR. Total RNAs were extracted using an RNeasy minikit (Qiagen) following the manufacturer's instructions. RNA samples were converted to cDNA using a RevertAid H Minus first-strand cDNA synthesis kit (Thermo Scientific). Real-time PCRs were performed in duplicate using 5 l of cDNA diluted 10 times in water and Takyon carboxy-X-rhodamine SYBR MasterMix blue dTTP (Eurogentec). The following program was used on a 7900HT Fast real-time PCR system (Applied Biosystems): 3 min at 95°C, followed by 35 cycles of 15 s at 95°C, 25 s at 60°C, and 25 s at 72°C. Values for each transcript were normalized to the expression levels of RPL13A (60S ribosomal protein L13a) using the 2 Ϫ⌬⌬CT threshold cycle (C T ) method. The primers used for quantification of the transcripts by real-time quantitative PCR are shown in Table 1 .
Immunofluorescence analysis. Cells grown on glass coverslips were fixed for 20 min with 4% paraformaldehyde (PFA) in PBS and permeabilized for 5 min in 0.1% Triton X-100 in PBS. The cells were then prepared for immunofluorescence staining using the appropriate primary antibody and the corresponding secondary antibody conjugated to Alexa Fluor (Molecular Probes). Cells were mounted onto glass slides by using ImmuMount (Shandon) containing DAPI (4=,6-diamidino-2-phenylindole). Confocal laser microscopy was performed on a Zeiss LSM 710 microscope.
Purification of His 6 -tagged SUMO conjugates. HeLa-wt and HeLa-SUMO3 cells (10 7 ) that were noninfected or that had been infected with RABV for 20 h were lysed in denaturing buffer A (6 M guanidinium-HCl, 0.1 M NaH 2 PO 4 , 0.01 M Tris-HCl, pH 8.0, 5 mM imidazole, 10 mM ␤-mercaptoethanol). After sonication, the lysates were mixed with 50 l of Ni-nitrilotriacetic acid (NTA)-agarose beads (Qiagen) for 3 h at room temperature. The beads were successively washed with buffer B (0.1% Triton X-100, 8 M urea, 0.1 M NaH 2 PO 4 , 0.01 M Tris-HCl, pH 6.3, 10 mM ␤-mercaptoethanol) and subsequently eluted with 200 mM imidazole in 0.15 M Tris-HCl, pH 6.7, 30% glycerol, and 0.72 M ␤-mercaptoethanol. The eluates were then analyzed by Western blotting.
RESULTS
Protective effect of SUMO in VSV-infected cells.
HeLa and U373MG cells stably expressing His-SUMO1 (HeLa-SUMO1 cells), U373MG cells stably expressing His-SUMO2 (U373MG-SUMO2 cells), and HeLa and U373MG cells stably expressing His-SUMO3 (HeLa-SUMO3 and U373MG-SUMO3 cells, respectively) were used throughout the course of this study and have been previously characterized using immunofluorescence and Western blot analysis (10) . To determine the impact of the different SUMO paralogs on VSV replication, wild-type HeLa cells (HeLa-wt cells), HeLa-SUMO1 cells, and HeLa-SUMO3 cells were infected and the effect of SUMO expression on VSV-induced cell lysis, VSV protein synthesis, and viral production was subsequently determined. Compared to the effect on infected HeLa-wt cells, which lysed, HeLa-SUMO1 and HeLa-SUMO3 cells were protected against cell lysis during VSV infection (Fig. 1A) . Western blot analysis using extracts from cells infected for 8 h and 16 h at different MOIs revealed that the synthesis of VSV proteins was inhibited in HeLa cells expressing SUMO1 or SUMO3 (Fig. 1B) . The supernatants of HeLa-wt, HeLa-SUMO1, and HeLa-SUMO3 cells infected for 16 h at an MOI of 0.1 were used for the determination of virus yields. As seen in Fig. 1C , the VSV titers in infected HeLa-SUMO1 and HeLa-SUMO3 cells were reduced by 2 log units compared to those in infected HeLa-wt cells. Resistance to VSV infection was also demonstrated in U373MG cells stably expressing SUMO2 or SUMO3 ( Fig. 1D and E). Dual immunofluorescence staining for SUMO2 or SUMO3 and the VSV antigens ( Fig. 1D) , as well as Western blot analysis using extracts from cells infected at an MOI of 0.1 or 1, showed that the expression of SUMO2 or SUMO3 in U373MG cells inhibited viral protein expression ( Fig. 1E) , reduced VSV multiplication, and protected cells from VSV-induced cell lysis (data not shown).
To compare the inhibition of VSV by SUMO1 or SUMO3 with that induced by IFN, HeLa-wt cells were treated for 24 h with 1, 4, 10, 50, 200, and 500 units/ml of IFN-␣. Subsequently, IFN-␣-treated HeLa-wt, HeLa-SUMO1, and HeLa-SUMO3 cells were infected with VSV at an MOI of 1 for 8 h. Extracts of the infected cells were analyzed by Western blotting for VSV proteins, and the supernatants were used to determine viral yields. Both the inhibition of viral protein synthesis (Fig. 1F ) and the inhibition of VSV multiplication ( Fig. 1G ) in HeLa-SUMO1 and HeLa-SUMO3 cells (not treated with IFN-␣) were comparable to those in HeLa-wt cells treated with 500 units/ml of IFN-␣.
SUMO does not alter VSV entry but inhibits primary viral transcription. To investigate which viral step is targeted by SUMO, we first studied whether VSV entry was altered. To do this, we used murine leukemia virus (MLV)-derived vectors encoding GFP pseudotyped with the receptor-binding VSV G protein (VSV-G) (MLV-G-GFP) (20) . This pseudovirus can undergo VSV-G-mediated entry but cannot produce its own VSV-G envelope and, hence, is capable of undergoing only a single round of infection. MLV-G-GFP was used to transduce wild-type U373MG (U373MG-wt), U373MG-SUMO3, HeLa-wt, HeLa-SUMO1, and HeLa-SUMO3 cells ( Fig. 2A and data not shown) . The results revealed that HeLa-wt, HeLa-SUMO1, and HeLa-SUMO3 cells had similar levels of GFP staining, with the levels reaching 55.8%, 58%, and 58.8% GFP-positive cells, respectively ( Fig. 2A) . The same results were obtained with U373MG cells expressing SUMO3 (data not shown). Taken together, the data demonstrate that VSV entry was not affected in SUMO-expressing cells.
To determine whether viral transcription was altered by SUMO expression, HeLa-wt, HeLa-SUMO1, and HeLa-SUMO3 RABV-P  ACCTTGGTGAGATGGTTAGGG  AGTTGACCGTGACATAGGATAC  RPL13A  CCTGGAGGAGAAGAGGAAAGAGA  TTGAGGACCTCTGTGTATTTGTCAA  IFN-␣1  CCAGTTCCAGAAGGCTCCAG  TCCTCCTGCATCACACAGGC  IFN-␤  TGCATTACCTGAAGGCCAAGG  AGCAATTGTCCAGTCCCAGTG  IFN-1  GGACGCCTTGGAAGAGTCAC  GAGGAGGCGGAAGAGGTTGA  IFN-2/3  GGGCCTGTATCCAGCCTCAG  CTGGTCTAGGACGTCCTCCA  IFN-␥  GGCAGCCAACCTAAGCAAGAT  CAGGGTCACCTGACACATTCA cells were infected with VSV at an MOI of 4 for 6 h. Total RNA isolated from extracts of the infected cells was analyzed by Northern blotting for VSV N mRNA (Fig. 2B ). The amount of N mRNA in HeLa-SUMO1 and HeLa-SUMO3 cells was significantly reduced compared to that in control infected cells (Fig. 2B , first three lanes). To determine whether the decrease in the amount of N mRNA was due to the inhibition of VSV primary transcription, cells were treated with the protein synthesis inhibitor cycloheximide (CHX), which restricts viral transcription to the synthesis of primary mRNA, as genome replication requires the ongoing synthesis of N protein (21) . CHX was added to each culture 1 h before infection and was maintained throughout the experiment. The results revealed that VSV primary transcription was inhibited by SUMO1 or SUMO3 expression (Fig. 2B ), since N mRNA was un- detectable in extracts from infected HeLa-SUMO1 and HeLa-SUMO3 cells treated with CHX (Fig. 2B , bottom, three last lanes). This result suggests that SUMO1 or SUMO3 expression affects primary transcription or an upstream step between viral entry and primary transcription. SUMO confers resistance to VSV in an IFN-independent manner. It has previously been shown that IFN inhibits VSV primary transcription (22) . Furthermore, a key response of mammalian cells to virus infection is the production of IFN. As such, we tested whether SUMO expression alters IFN synthesis upon VSV infection. This was carried out by the quantification of IFN-␣, IFN-␤, IFN-1, IFN-2/3, and IFN-␥ mRNAs by quantitative real-time PCR (qRT-PCR) in extracts of HeLa-wt, HeLa-SUMO1, and HeLa-SUMO3 cells infected at different times with VSV at an MOI of 1 (Fig. 3A) . IFN-␣, IFN-␤, IFN-1, IFN-2/3, and IFN-␥ mRNAs were induced in HeLa-wt cells at 8 h after VSV infection. In contrast, in SUMO1-or SUMO3-expressing cells, there was no significant increase in the expression of the mRNAs at any time after VSV infection (Fig. 3A) . These results show that VSV-induced IFN production was highly decreased in SUMO-expressing cells and suggest that SUMO conferred resistance to VSV in an IFN-independent manner. To further confirm these results, HeLa-wt, HeLa-SUMO1, and HeLa-SUMO3 cells were treated with an anti-IFNAR1 MAb targeting the extracellular domain of the IFNAR1 chain of the human IFN-␣/␤ receptor before VSV infection. The anti-IFNAR1 MAb inhibits the binding and biological activity of type I IFN (23) . We show that the antibody reduced both IFN-␤-induced STAT1 expression and anti-VSV activity (Fig. 3B) . In contrast, this antibody did not alter the anti-VSV activity conferred by SUMO1 or SUMO3 expression (Fig. 3C) . As STAT1 is the central transcription factor required for the biological responses of all types of IFN, we also determined the effect of its downregulation on SUMO1-or SUMO3-induced VSV resistance (Fig. 3D) . The capacity of SUMO1 or SUMO3 to inhibit VSV protein synthesis was still maintained in cells depleted of STAT1 (Fig. 3D) , further demonstrating that the anti-VSV effect of SUMO1 or SUMO3 is independent of IFN.
Effect of SUMO on MxA localization, expression, and oligomerization. Among the IFN-stimulated gene (ISG) restriction factors exhibiting intrinsic anti-VSV activity (13) , only MxA is capable of inhibiting VSV primary transcription (16) . Our results demonstrate that VSV inhibition in SUMO-expressing cells was also at the level of primary transcription (Fig. 2B) . Therefore, we focused on MxA and assessed its localization, expression, and oligomerization in SUMO-expressing cells. Immunofluorescence studies revealed that MxA was not detected in HeLa-wt cells. In contrast, in SUMO1-and SUMO3-expressing cells, the protein was found to be expressed and to localize in dots in the cytoplasm (Fig. 4A) . The results of Western blot analysis of extracts isolated from these cells corroborated the immunofluorescence data and showed that MxA protein expression is much higher in SUMO1-and SUMO3-expressing cells than wt cells (Fig. 4B) . It should be noted that the upper bands found to be migrating over 70 kDa in extracts from SUMO1-and SUMO3-expressing cells (Fig. 4B ) may be attributed to SUMO-modified versions of the MxA protein, as we have previously shown that MxA is conjugated to SUMO at lysine 48 (17). The increase in the level of MxA protein expression in SUMO-expressing cells detected by Western blotting was confirmed by the use of two different rabbit anti-MxA antibodies (Fig. 4B and data not shown) ; however, only the antibodies from Proteintech were efficient in staining endogenous MxA by immunofluorescence. In contrast, the level of MxA mRNA was not increased by SUMO expression (Fig. 4C) , thus suggesting that the effect of SUMO on MxA could be at the protein level, specifically, by affecting its stabilization.
It has been shown that oligomerization has a stabilizing effect on MxA protein (24) and that the MxA oligomerization capacity is important for its interaction with SUMO and Ubc9 (17) . There- fore, we tested whether SUMO affects MxA oligomerization. To do this, extracts from NIH 3T3-wt, NIH 3T3-MxA, HeLa-wt, HeLa-SUMO1, and HeLa-SUMO3 cells were lysed, cross-linked, immunoprecipitated with MxA antibodies, and analyzed by Western blotting. Endogenous MxA in extracts from HeLa-wt, HeLa-SUMO1, and HeLa-SUMO3 cells was detected as oligomers, which became more abundant in HeLa cells expressing SUMO1 or SUMO3 or in NIH 3T3-MxA cells than in wild-type cells (Fig. 4D) . Probing of the Western blot with anti-SUMO1, anti-SUMO2/3, or anti-Ubc9 antibodies indicated that SUMO1, SUMO3, and Ubc9 interacted with MxA oligomers (Fig. 4D) . These results suggest that SUMO enhances MxA's capacity to oligomerize, thus protecting the MxA protein from degradation and providing a stable intracellular pool of MxA able to protect cells from viral infection.
MxA mediates the anti-VSV effect of SUMO.
In order to demonstrate the implication of MxA in the anti-VSV effect of SUMO, we silenced MxA by transducing HeLa-wt, HeLa-SUMO1, and HeLa-SUMO3 cells with lentiviral vectors expressing shRNA targeting MxA (shMxA). As a control, we also expressed a nontargeting shRNA. The shMxA was efficient in downregulating MxA protein expression in both HeLa-SUMO1 and HeLa-SUMO3 cells (Fig. 5A ) and in decreasing cytoplasmic MxA dot staining (Fig.  5B) . In addition, treatment with IFN-␣2 increased the MxA levels in HeLa-wt cells, but the increase was much less pronounced in shMxA-transduced cells, indicating an effective knockdown of MxA (Fig. 5C) . Remarkably, shRNA-mediated MxA knockdown rendered the SUMO1-and SUMO3-expressing cells more sensitive to VSV infection, as confirmed by the higher expression levels of VSV proteins (Fig. 5A ) and the increased viral titer (Fig. 5D) . The depletion of endogenous MxA in HeLa-wt cells infected at an MOI of 1 did not alter the expression of viral proteins (Fig. 5A) ; however, larger amounts of VSV proteins were expressed in cells depleted of MxA than in control cells upon infection at a lower MOI of 0.2 (data not shown).
Taken together, our results show that the MxA protein was highly stabilized through its oligomerization in cells expressing SUMO1 or SUMO3 and that its knockdown in SUMO-expressing cells abrogated the anti-VSV effect of SUMO, thus demonstrating that MxA is the key mediator of the SUMO-induced resistance to VSV.
SUMO confers resistance to VSV in cells depleted of Ubc9. In a reverse experiment, we examined the impact of the inhibition of SUMOylation on SUMO-induced VSV resistance. For this purpose, HeLa-wt, HeLa-SUMO1, and HeLa-SUMO3 cells were depleted of Ubc9 (Fig. 6A) , the unique E2-conjugating enzyme, and subsequently infected with VSV at an MOI of 2 for 8 h. Analysis of the cell extracts was carried out by Western blotting, and the data revealed that the knockdown of Ubc9 was accompanied, as expected, by a decrease in the amounts of SUMO-conjugated proteins in all cell extracts (Fig. 6A ). Ubc9 depletion in wt cells did not alter VSV protein synthesis and, unexpectedly, did not result in a reduced SUMO1-induced (Fig. 6A, left) or SUMO3-induced (Fig.  6A, right) anti-VSV effect. Consequently, we analyzed the effect of Ubc9 depletion on MxA localization (Fig. 6B ) and protein expression (Fig. 6C ) in SUMO-expressing cells. Immunofluorescence analysis revealed that in SUMO1-and SUMO3-expressing cells, the MxA staining was similar in cells depleted of Ubc9 and cells transfected with scrambled siRNA (Fig. 6B) . Western blot analysis showed that the MxA protein was still expressed in SUMO-expressing cells depleted of Ubc9 (Fig. 6C ) and able to confer VSV resistance (Fig. 6A) . Therefore, depletion of Ubc9 decreased new SUMO conjugation to substrates and had no effect on the already existing pool of MxA stabilized in SUMO-expressing cells.
Expression of SUMO3 renders cells more sensitive to rabies virus infection. To further elucidate the effects of SUMO on viral infection, we carried out another set of experiments using RABV, another member of the Rhabdoviridae family. HeLa-wt, HeLa-SUMO1, and HeLa-SUMO3 cells (Fig. 7A, top, and B, left) and U373MG-wt and U373MG-SUMO3 cells (Fig. 7A, bottom, One hundred micrograms of protein extracts from HeLa-wt, HeLa-SUMO1 (HeLa-S1), and HeLa-SUMO3 (HeLa-S3) cells was analyzed by Western blotting using a 4 to 12% gradient gel, and the proteins were revealed with rabbit anti-MxA antibodies. (C) Total RNA was extracted from HeLa-wt, HeLa-SUMO1, and HeLa-SUMO3 cells, and mRNAs encoding MxA and RPL13A were quantified by RT-qPCR. Means and standard deviations from three independent experiments are shown. The Student t test was performed to determine the P value. ns, not significant. (D) SUMO enhances MxA oligomerization. Extracts from NIH 3T3-wt, NIH 3T3-MxA, HeLa-wt, HeLa-SUMO1, and HeLa SUMO3 cells were lysed, and proteins were cross-linked with DSS and immunoprecipitated (IP) using MxA antibodies. The eluates were subsequently analyzed by Western blotting using a 4 to 12% gradient gel, and proteins were revealed with anti-MxA, anti-SUMO1, anti-SUMO2/3, or anti-Ubc9 antibodies. The rabbit anti-MxA antibodies used recognize endogenous mouse Mx1 as well as human MxA. right) were infected with RABV at different MOIs for 24 h, the cell extracts were analyzed by Western blotting for RABV P expression (Fig. 7A) , and the supernatants were used to determine the RABV titers (Fig. 7B) . The results show that SUMO3 expression but not SUMO1 expression rendered U373-MG cells more sensitive to RABV than wt cells, as significantly higher levels of RABV P (Fig.  7A, bottom) were synthesized, in line with the enhanced viral growth (Fig. 7B, right) . Furthermore, it should be noted that the HeLa cells, which are not permissive to RABV, became sensitive to infection in the presence of SUMO3 (Fig. 7A, top, and B, left) . Analysis by qRT-PCR of the IFN-␤ mRNA produced upon RABV infection revealed that IFN-␤ mRNA was synthesized in wt cells but not in cells expressing SUMO3 (Fig. 7C ). This inhibition of IFN synthesis was due to a lower level of phosphorylated IRF3 in RABV-infected SUMO3 cells than in infected wt cells (Fig. 7D) . Next, we investigated whether IRF3 was SUMOylated in SUMO3-expressing cells, which may result in its lower level of activation upon RABV infection. We performed an Ni-NTA purification of extracts from HeLa-wt and HeLa-SUMO3 cells either not infected or infected with RABV (Fig. 7E) . As expected, RABV P was expressed in the input of the extracts isolated from the infected SUMO3 cells. Ni-NTA purification revealed that IRF3 was highly conjugated to SUMO3 at a level similar to that found in noninfected or RABV-infected SUMO3 cells (Fig. 7E) . The results also demonstrate that SUMO1 expression did not affect RABV infection (Fig. 7A) . We were not able to detect IRF3 modification by SUMO1 in Ni-NTA-purified extracts from HeLa-SUMO1 cells (data not shown). This observation is in line with the notion that SUMO1 conjugation is significantly more difficult to detect than SUMO2/3 conjugation (25) .
From these results, we conclude that the conjugation of IRF3 to SUMO3 reduced both its activation and IFN production upon RABV infection, thereby rendering the cells more susceptible to RABV infection. A reverse experiment was carried out to reduce the levels of cellular SUMOylation through the knockdown of endogenous Ubc9 in wt cells using siRNA targeting Ubc9 ( Fig. 8A) . This resulted in a small and reproductive reduction of RABV P synthesis (Fig. 8A, left) and RABV replication (Fig. 8A,  right) . In addition, it can be observed that the SUMOylation in wt cells remained unchanged between RABV-infected and noninfected cells and, as expected, decreased when Ubc9 was depleted (Fig. 8A, left) .
To further understand the differential effect of SUMO on VSV and RABV, the effect of human MxA expression on RABV replication was tested. NIH 3T3 cells transfected with the empty vector or overexpressing MxA were infected with RABV (Fig. 8) . Protein extracts from uninfected or infected cells were analyzed by Western blotting for RABV protein expression at 1 day postinfection. The level of RABV P expression (Fig. 8B, left) and the viral titers (Fig. 8B, right) were similar in infected control NIH 3T3 and NIH 3T3-MxA cells, indicating that MxA did not confer resistance to RABV, as previously shown (26) .
DISCUSSION
SUMOylation is associated with the replication of a variety of viruses with regard to the modification of viral proteins and the modulation of SUMOylated cellular proteins implicated in antiviral defense (2, (27) (28) (29) (30) . The covalent attachment of the small SUMO moiety to substrate proteins has recently emerged as a main regulatory system, leading to dramatic changes in the SUMO proteome (31) (32) (33) (34) with consequences on IFN responses and antiviral defense mechanisms (9, 10, 27) .
SUMOylation is known to regulate the signaling pathway governing IFN production, as virus-mediated IRF3 and IRF7 SUMOylation attenuates IFN-␤ synthesis (12) . We also show in this study that SUMO expression results in the SUMOylation of IRF3, subsequently decreasing the virus-induced activation of IRF3 and leading to inhibition of RABV-induced IFN-␤ production. Furthermore, SUMO expression inhibited the increase in the levels of IFN-␣, IFN-␤, IFN-1, IFN-2/3, and IFN-␥ mRNAs in VSV-infected cells. Accordingly, it has recently been reported that SUMOylation deficiency in Ubc9 Ϫ/Ϫ cells causes an enhancement of IFN-␤ production after the engagement of Toll-like receptors compared to that in wild-type cells (9) . Taken together, these results show that SUMO significantly reduces the level of IFN production.
As expected, the decrease in the level of RABV-induced IFN production by SUMO renders cells more sensitive to viral infection. Intriguingly, although SUMO reduced the amount of VSVinduced IFN, the cells were resistant to viral infection. We show in this study that the stable expression of SUMO1, SUMO2, or SUMO3 in human cell lines did not affect VSV entry but did inhibit primary viral mRNA transcription, thereby blocking viral protein synthesis and viral production, as well as protecting the cells from virus-induced cell lysis. SUMO-induced VSV resistance was independent of IFN, as it was maintained in cells depleted of STAT1 or in cells treated with anti-IFNAR1 antibody. These re- sults highlight the differences between RABV and VSV, two members of the Rhabdoviridae family, and further define the role of SUMO in viral infection.
Unlike the IFN-mediated innate immune response, intrinsic antiviral resistance (known as intrinsic immunity) is mediated by endogenously expressed antiviral proteins (defined as restriction factors), which confer viral resistance in a direct manner (in the absence of IFN synthesis) by a variety of inhibitory mechanisms. These constitutive antiviral proteins can be further induced by viral infection and/or IFN treatment. Individually, these antiviral proteins can interfere with a particular stage of the VSV life cycle (13) . For example, IFN-induced transmembrane (IFITM) proteins block viral entry (35) , cholesterol 25-hydroxylase (CH25h) impairs the virus cell fusion step by inducing cellular membrane changes (36) , MxA inhibits primary transcription (15, 16) , ISG20 (a 3=-5= exonuclease) degrades single-stranded viral RNA (37), the PML protein inhibits secondary transcription (38, 39) , IFN-induced proteins with tetratricopeptide repeats (IFIT) (40) inhibit viral translation, and tetherin prevents the release of virions from the cell (35) .
Among the numerous anti-VSV restriction factors, only MxA was shown to inhibit VSV primary transcription (13, 16) , and we found that the inhibition of VSV in SUMO-expressing cells was also at the level of primary transcription. As such, we analyzed the role of MxA within this system. We have previously shown that MxA is conjugated to SUMO at lysine 48 (17) . We demonstrated in the study described in this report that the MxA protein is highly stabilized in cells expressing SUMO1 or SUMO3 and that its depletion in SUMO-expressing cells blocks the anti-VSV effect of SUMO, thus signifying that MxA is a key mediator of SUMOinduced resistance to VSV. To further confirm the role of SUMO in VSV resistance, Ubc9 was silenced in HeLa-wt, HeLa-SUMO1, and HeLa-SUMO3 cells. Ubc9 depletion decreased the level of SUMO-conjugated proteins but did not alter VSV protein synthesis in wt cells and did not reduce SUMO-induced VSV resistance because MxA protein levels were stably maintained in SUMOexpressing cells depleted of Ubc9. GTPase activity and oligomerization are required for MxA antiviral activity (41) (42) (43) , but the precise mechanism of antiviral action differs between viruses. The MxA protein forms an oligomeric complex via the stalk domain. We previously reported that MxA interacts with SUMO via its CID-GED (stalk) domain and RABV at an MOI of 3 for 24 h were purified on Ni-NTA-agarose beads. Western blotting analyses were performed with the inputs using anti-IRF3 and anti-RABV P antibodies and the purified extracts using anti-IRF3 antibodies.
that the MxA oligomerization capacity is important for its interaction with SUMO and Ubc9 (17) . Accordingly, monomeric mutant MxA-L612K has a reduced interaction with SUMO and Ubc9 (17) . Importantly, the MxA-L612K mutant is rapidly degraded in cells compared to wild-type MxA, demonstrating that the selfassembly of the MxA protein is critical for protein stability (24) . Our finding suggests that SUMO enhances MxA oligomers, thus providing a stable intracellular pool of MxA that is available to fight invading viruses.
A large number of studies have shown that viruses interact with host SUMO systems in various ways, with no apparent unifying theme or mechanism being found to exist. VSV and RABV (both of which are RNA viruses that replicate in the cytoplasm) did not alter global cellular protein SUMOylation (data not shown). Furthermore, the knockdown of Ubc9 did not alter VSV protein synthesis but slightly inhibited RABV replication. Infection with herpes simplex virus 1 (a DNA virus that replicates in the nucleus), on the other hand, causes a loss of SUMO conjugates; however, the depletion of Ubc9 has no subsequent effect on virus replication (44) . In contrast, infection with the influenza A virus (an RNA virus that replicates in the nucleus) causes a global increase in SUMO conjugates (45) , and the depletion of Ubc9 decreases overall viral replication efficiency (46) . Overall, depending on the infecting virus, the SUMO system may affect viral replication either negatively or positively, or it may have no effect.
In conclusion, although IFN production was highly reduced in VSV-infected SUMO-expressing cells, the intrinsic anti-VSV activity of SUMO mediated by MxA was not affected. However, in the case of RABV, the lower level of IFN synthesis rendered SUMO3-expressing cells more sensitive to viral infection than wt cells, even though MxA was stabilized in SUMO-expressing cells, since its expression did not confer resistance to RABV (26; this study). Further experiments are required to determine whether the replication process of other viral families can be inhibited by SUMO expression via the stabilization of MxA or other restriction factors. Our research within this field will advance our knowledge and understanding of the relationship between the SUMO pathway and virus life cycles and infection and will also positively contribute to the development of effective antiviral treatments.
